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How complex networks of activators and repressors
lead to exquisitely specific cell-type determination
during development is poorly understood. In the
Drosophila eye, expression patterns of Rhodopsins
define at least eight functionally distinct though
related subtypes of photoreceptors. Here, we
describe a role for the transcription factor genedefec-
tive proventriculus (dve) as a critical node in the
network regulating Rhodopsin expression. dve is
a shared component of two opposing, interlocked
feedforward loops (FFLs). Orthodenticle and Dve
interact in an incoherent FFL to repress Rhodopsin
expression throughout the eye. In R7 andR8 photore-
ceptors, a coherent FFL relieves repression by Dve
while activating Rhodopsin expression. Therefore,
this network uses repression to restrict and combina-
torial activation to induce cell-type-specific expres-
sion. Furthermore, Dve levels are finely tuned to
yield cell-type- and region-specific repression or acti-
vation outcomes. This interlocked FFL motif may be
a general mechanism to control terminal cell-fate
specification.INTRODUCTION
Development of an organism requires regulatory networks that
induce gene activation or repression with highly reproducible
cellular specificity. In sensory systems, genetic programs
produce distinct expression patterns of sensory receptors that
dictate an organism’s capacity to interpret environmental cues.
The Drosophila eye is composed of 800 ommatidia, or unit
eyes (Figures 1A and 1B). Each ommatidium contains two956 Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc.main classes of photoreceptors (PRs): outer PRs (R1–6), and
inner PRs (R7 and R8) (Figures 1A–1G) (Wolff and Ready,
1993). The six outer PRs express the Rhodopsin1 (Rh1) protein
and are used for motion detection (Hardie, 1985). The inner
PRs are specialized for color vision (Gao et al., 2008; Yamaguchi
et al., 2010). The Spalt transcription factors (Salm and Salr;
referred to collectively as ‘‘Sal’’) are critical for the induction of
inner PR fate (Mollereau et al., 2001). The inner PR class is further
differentiated into the R7 fate by Prospero (Pros) and Nf-yc, or
the R8 fate by Senseless (Sens) (Cook et al., 2003; Morey
et al., 2008; Xie et al., 2007).
In contrast to the outer PRs that all express Rh1, the inner PRs
display differential expression patterns of several Rhodopsins
(Rhs). These Rh expression patterns determine twomain omma-
tidial subtypes, designated ‘‘pale’’ (p) and ‘‘yellow’’ (y). In the
p subtype, R7 expresses the UV-sensitive Rh3, and R8
expresses the blue-sensitive Rh5 (Figures 1H, 1J, and 1K). In
the y subtype, R7 expresses another UV-sensitive Rh4, and R8
expresses the green-sensitive Rh6 (Figures 1I–1K) (for review
see Johnston and Desplan, 2010). These ommatidial subtypes
are spatially randomized and occur at a p:y ratio of 35:65 (Fran-
ceschini et al., 1981). Subtype specification occurs in a three-
step process: (1) stochastic expression of the PAS-bHLH
transcription factor Spineless (Ss) in a subset of R7s determines
yR7 fate (Wernet et al., 2006); (2) in the absence of Ss, R7s are
specified as pR7s and signal p fate to R8, inducing Rh5; yR8
fate (i.e., Rh6 expression) is specified by default and is associ-
ated with yR7 (Chou et al., 1999); and (3) R8 subtype fates are
stabilized by a bistable feedback loop of the tumor suppressor
Warts (Wts) and the growth regulator Melted (Melt) (Figures 1H
and 1I) (Mikeladze-Dvali et al., 2005).
There is a breakdown of the rules for exclusive Rh expression
in the dorsal third of the retina (hereafter, ‘‘dorsal third’’). In this
area the transcription factors encoded by the iroquois-complex
(IroC) induce Rh3 expression in all R7s, leading to coexpression
of Rh3 with Rh4 in yR7s (Figures 6A, 6B, and 6D). However, yR7
subtype identity is maintained as indicated by the expression of
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Figure 1. The Dve K50-Homeodomain Transcription Factor Is Expressed in yR7s and Outer PRs
For (A)–(D), phalloidin ingreen stains actin andmarks rhabdomeres.Rhproteins are localized to theactin-rich rhabdomere structures. (A) 3Dprojection of the fly eye
containing800 ommatidia. (B) A single ommatidium. Upper dashed box indicates a section containing R7 and outer PRs. Lower dashed box indicates a section
containing R8 and outer PRs. (C) A section containing R7 and outer PR (R1–6) rhabdomeres. (D) A section containing R8 and outer PR (R1–6) rhabdomeres.
For (E)–(G), green indicates rhabdomeres; gray indicates nuclei and cell bodies. For (F) and (G), schematic adapted fromWolff and Ready (1993). (E) Schematic of
(B). (F) Schematic of section containing R7 and outer PRs (as in C). (G) Schematic of section containing R8 and outer PRs (as in D).
For (H) and (I): left, regulatory network controlling Rh expression; middle, schematic of Rh expression in the rhabdomeres of R7 and R8; and right, schematic of Rh
expression in sections (top, R7 layer; bottom, R8 layer as in F and G). (H) Pale ommatidial subtype. Rh3 expression in pR7s is coupled with Rh5 expression in
pR8s. In the absence of Ss, Rh3 is expressed, and p fate is signaled onto R8. The signal activatesMelt expression. Melt repressesWts expression. In the absence
of Wts, Rh6 is repressed, and Rh5 is expressed. (I) Yellow ommatidial subtype. Rh4 expression in yR7s is coupled with Rh6 expression in yR8s. Ss activates Rh4
expression and represses Rh3 and the signal. In absence of the signal, Melt is not repressed, allowing for Wts expression. Wts activates Rh6 and represses Rh5.
For (J) and (K), phalloidin (Phal) in green stains actin and marks all PR rhabdomeres. (J) Rh3 and Rh4 are expressed in exclusive subsets of R7s in adults. (K) Rh5
and Rh6 are expressed in exclusive subsets of R8s in adults.
For (L) and (M): left, Dve expression in adults; and right, schematic of Dve expression in nuclei of PRs. Dashed circle indicates R7 cell body including nucleus and
rhabdomere. Image data used to identify R7 nuclei have been removed. (L) Dve is not expressed in pR7s, as indicated by Rh3 in blue in the R7 rhabdomere at the
center of the ommatidium. Dve is expressed strongly in all outer PRs. (M) Dve is expressed at low levels in yR7s, as indicated by Rh4 in purple in the R7
rhabdomere at the center of the ommatidium. Dve is expressed strongly in all outer PRs.
See Figure S1.Rh4 as well as coordinate expression of Rh6 in R8 (Mazzoni
et al., 2008). This coexpression of Rh3 and Rh4 broadens the
sensitivity to UV wavelengths and may enable the fly to discrim-
inate between the ‘‘solar’’ and ‘‘antisolar’’ halves of the sky,
which is required for navigation in other insects (Rossel and
Wehner, 1982).
In addition to these specific inductive mechanisms, the K50
homeoprotein Orthodenticle (Otd) is expressed in all PRs and
regulates Rh expression (Vandendries et al., 1996). In otd
mutants, Rh3 and Rh5 expression is lost, whereas Rh6 is dere-
pressed in outer PRs. Otd protein can bind canonical K50-binding
sites found in the rh3, rh5, and rh6 promoters (Tahayato et al.,
2003; Treisman et al., 1989). However, becauseOtd is expressedin all PRs, it is unclear how it regulates these genes in specific and
differential ways.
Here, we identify a role for the divergent K50 homeobox gene,
defective proventriculus (dve), in Rh regulation. In dve mutants,
rh genes are derepressed with cell-type-specific differences in
expressivity, i.e., the variation of mutant phenotypes between
individuals. dve mutants display derepression of Rh3 in all
yR7s (complete expressivity) and derepression of Rh3, Rh5,
and Rh6 in random subsets of outer PRs (incomplete expres-
sivity). We exploit these differences in expressivity to delineate
network motifs that control Rh expression.
Our analysis reveals that dve is a shared component of two in-
terlocked feedforward loops (FFLs). In an incoherent FFL (iFFL),Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc. 957
Otd interacts with Dve to yield repression of Rh3, Rh5, and Rh6 in
outerPRs. Inanopposingcoherent FFL (cFFL),Sal both represses
Dve and activates Rh3 expression in R7s. Rh3, Rh5, and Rh6 are
further restricted to specific PR subtypes by Sens, Pros, Ss (via
Dve), and theWts/Melt loop. We also show that Dve is expressed
in yR7sat levels that are sufficient to repressRh3 throughoutmost
of the retina but low enough to allow for IroC-mediated activation
of Rh3 in the dorsal third. The network elucidated here represents
a paradigm for the complex, multilayered combinatorial control
required for cell-type-specific gene expression.
RESULTS
dve Mutants Display Defects in Low-Intensity Light
Discrimination
The dve gene codes for a K50 homeoprotein involved in midgut
development, wing generation, and joint formation. Mutations
in the dve locus also exhibit defects in object fixation behavior,
suggesting a role in visual function (Nakagoshi et al., 1998,
2002; Shirai et al., 2007).
Tocharacterize the role ofdve in the eye,we testeddvemutants
for defects in their response to light. We examined two dve alleles
using the ey-flp/FRT GMRhid technique to generate retinas
composed exclusively of mutant tissue (Stowers and Schwarz,
1999). Thedve186molecular null allele is a deficiency that removes
dve and 14 other genes (Terriente et al., 2008), whereas the dve1
hypomorphic allele is an intronic P element insertion that causes
a strong loss of function (Nakagoshi et al., 1998).
We conducted electroretinograms on wild-type and dve
mutant flies. Both dve alleles displayed response defects to light
(see Figures S1C and S1D available online). Next, we assessed
the capacity of dve mutant flies to detect motion (Yamaguchi
et al., 2008). In this behavioral assay, moving lines of different
color and intensity are displayed to the fly. At the point of equilu-
minance, the fly ceases walking because it does not perceive
motion resulting in a V-shaped response curve. dvemutants dis-
played a shallower, U-shaped response curve indicating defects
in the ability to perceive more subtle differences in light contrast
(Figures S1E–S1G).
Dve Is Expressed in Outer PRs and yR7s
We analyzed Dve protein expression in the eye. Although Dve
was first observed in PRs starting after the morphogenetic
furrow, nonspecific staining prevented clear identification of cells
expressing Dve until 50% pupation (data not shown). At that
point and all later time points, strong Dve expression was
observed in all outer PRs (Figures 1L and 1M and Figures 5A
and5B) butwasabsent inR8cells. However,weakerDve expres-
sion was observed in a subset of R7s. In the adult eye, Dve was
coexpressed in yR7s with Rh4 and Ss, but not in pR7s with Rh3
(Figures 1L and1M; Figures 5A, and 5B; Figure S5B). Dve expres-
sion was also observed in the outer PRs of the mosquitoes
Anopheles gambiae and Aedes aegypti, suggesting that it plays
a conserved role in Rh regulation (Figures S1A and S1B).
Rh3 Is Derepressed in All yR7s in dve Mutants
We examined dve mutants for abnormal expression of Rhs.
Consistent with the expression of Dve in yR7, both dve186 and958 Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc.dve1 mutants displayed derepression of Rh3 in all yR7s (defined
by expression of Rh4) (Figures 2B and 2D, Figure S5A, and Table
S1, which is a summary of all genotypes and expression patterns
in this paper). Thus, dve mutant retinas are composed of pR7s
expressing Rh3 and yR7s coexpressing Rh3 and Rh4. The ratio
of pR7s to yR7s in dve mutants was the same as in wild-type,
suggesting that dve does not control subtype fate in general
but rather specifically represses Rh3 in yR7s (Figure 2D; Fig-
ure S5A). dvemutant eye tissue showed no overt morphological
phenotypes, and Rh5 or Rh6 was still exclusively expressed in
subsets of R8 cells (data not shown).
To test the cellular autonomy of dve function, we generated
eyes containing clones of homozygous dve mutant tissue in
a dve/+ background. In the main part of the eye, wild-type
yR7s only expressed Rh4 and never Rh3, whereas dve mutant
yR7s always coexpressed Rh3 with Rh4 (Figure S2A). This
suggests that dve is required autonomously in yR7s to repress
Rh3.
Considering the role of Dve in repressing Rh3 in yR7s, we next
tested whether it was sufficient to repress Rh3 in pR7s. When
Dve was expressed in all R7s (panR7 > Dve), Rh3 was lost (Fig-
ure 2C; Figure S5A).
The dve mutant phenotype in yR7s occurs with complete
expressivity (i.e., Rh3 is expressed in all yR7s). This phenotype
is in stark contrast with the incompletely expressive phenotype
observed in outer PRs described below.
Rh3, Rh5, and Rh6 Are Derepressed in Random Subsets
of Outer PRs in dve Mutants
Expression of Rh3, Rh4, Rh5, and Rh6 is never observed in outer
PRs in wild-type animals (number of retinas >15, number of outer
PRs >10,000; Figures 1J and 1K; Figures 4C and 4G). Because
Dve is strongly expressed in outer PRs, we examined Rh expres-
sion in dvemutant outer PRs and observed derepression of Rh3,
Rh5, and Rh6. In contrast to the derepression of Rh3 in all yR7s,
derepression of Rh3, Rh5, and Rh6 occurred in random subsets
of outer PRs with variable cellular specificity, timing, and levels
(Figures 2E–2M; Figures S2E and S2F). Expression of Rh4 in
yR7s and Rh1 in outer PRs was not affected (Figure 3B;
Figure S2K).
We developed custom software to identify individual cells
within each ommatidium based on phalloidin staining of the
actin-rich rhabdomere structures (Figure 2J). We assessed Rh
expression by analyzing the contour plot of the intensity levels
for a given image (Figures 2K and 2L). Based on these contours,
we ascribed expression as being ‘‘on’’ or ‘‘off’’ based on bright-
ness above an ommatidium-specific threshold (P.S., R.J.J., and
E.K., unpublished data).
The random expression of Rhs in dve mutant outer PRs
occurred with particular cell-type, regional, and temporal biases
(Figures 2I and 2M; Figures S2E and S2F). Rh3 expression
occurred more frequently in the R1 and R6 cells (Figures S2E
and S2F) and decreased over time (Figure 2M). Furthermore,
Rh3 was expressed more often in the dorsal half compared to
the ventral half of the retina (Figure 4D; Figure S2F). We discuss
below themechanism controlling this dorsal-ventral difference in
frequency. In contrast, Rh5 exhibited almost no derepression
shortly after eclosion but showed a dramatic increase at 2 weeks
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Figure 2. Dve Represses Rh3 Expression in yR7s
and Rh3, Rh5, and Rh6 in Outer PRs
For (A)–(D): top, Rh3 and Rh4 stains; bottom, Rh3 alone.
(A) Rh3 is expressed in 35% of R7s, and Rh4 is ex-
pressed in 65% of R7s in adult wild-type animals. (B)
dve186 null mutants display derepression of Rh3 in all
yR7s. Rh4 is still expressed in yR7s. Rh3 protein levels are
lower in yR7s (coexpressing Rh4) than in pR7s, likely due
to space filling in the rhabdomere. In dve mutants, tran-
scription of rh3 occurs at similar rates in pR7s and yR7s,
as assessed with a Rh3prom > GFP reporter transgene
(data not shown). (C) Dve is sufficient to repress Rh3 in
pR7s. (D) Quantification of wild-type and dve186 mutant
Rh3 and Rh4 expression in R7s. For top panel, error bars
indicate standard deviation for the ratio of the subtypes of
R7s. For bottom panel, error bars indicate standard devi-
ation for the frequency of Rh3 expression in R7s overall.
For (E)–(G), dve null mutants display derepression of Rh3,
Rh5, and Rh6 in random subsets of outer PRs at 0 (left), 2
(middle), and 4 (right) weeks. (E) Rh3. (F) Rh5. (G) Rh6.
(H) All combinations of Rh expression are observed in
outer PRs in dve mutants. Top panel shows Rh3 expres-
sion in R1. Second panel illustrates Rh5 expression in R1,
R5, and R6. Third panel demonstrates Rh6 expression in
R1, R3, R4, and R6. Bottom panel with overlay shows
expression of Rh3, Rh5, and Rh6.
(I) Cell-specific expression profiles of dve mutants at
2 weeks. Error bars indicate standard deviation.
(J)–(L) indicate one example of an ommatidium. Left,
image. Right, image with cell identification overlay. (J)
Phalloidin stains actin and marks all PR rhabdomeres.
Phalloidin staining was used to perform cell identification.
(K) Rh5 expression. (L) Contour of Rh5 expression used to
evaluate frequency of expression.
(M) Temporal dynamics of Rh expression. Error bars
indicate standard deviation.
(N) Dve is sufficient to repress Rh5 and Rh6 in R8s at
6 weeks (Dve gain-of-function GFP+ clone in blue). Left
view shows triple stain; right, Rh5 and Rh6 alone.
See Figure S2.(Figure 2M). Rh5 derepression showed no consistent cell-type or
regional biases in frequency (Figures S2E and S2F). Rh6 dis-
played little derepression at eclosion but increased at 2 andCell 1454 weeks (Figure 2M). Rh6 was more frequently
observed in the R3 cell, but no consistent
regional bias was seen (Figures S2E and S2F).
Together, these observations suggest that
distinct cell-specific, regional, and temporal
mechanisms control random Rh3, Rh5, and
Rh6 expression in dve mutant outer PRs.
We next tested the cell autonomy of dve func-
tion. Derepression of Rh3, Rh5, and Rh6 was
observed in dve mutant clones but not in wild-
type tissue (Figures S2B–S2D), suggesting that
Dve is required cell autonomously in outer PRs
to repress Rh3, Rh5, and Rh6.
We then asked whether Dve plays a permis-
sive or instructive role in Rh repression. We
have shown above that Dve is sufficient to
repress Rh3 in R7s. We tested whether Dvewas sufficient to repress Rh5 and Rh6 in R8 cells. We utilized
an inducible ‘‘flip out’’ system (GMR > /FRT/white+ transcription
stop/FRT/Gal4) to drive expression of Dve in adult flies to, 956–968, June 10, 2011 ª2011 Elsevier Inc. 959
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Figure 3. Otd and Dve Interact in an iFFL to Control Rh Expression
For (A)–(H), images are from 2-week-old adult retinas. (A) Rh3 and Rh4 are expressed in exclusive subsets of R7s in wild-type animals. (B) Rh3 is derepressed in
yR7s and outer PRs in dve mutants. Rh4 is unaffected. (C) Rh3 is not expressed in otd mutants. Rh4 is unaffected. (D) Rh3 is not expressed in otd;dve double
mutants. Rh4 is unaffected. (E) Rh5 and Rh6 are expressed in exclusive subsets of R8s in wild-type animals. (F) Rh5 and Rh6 are derepressed in outer PRs in dve
mutants. (G) Rh5 is not expressed in otd mutants. Rh6 is derepressed in outer PRs in otd mutants. (H) Rh5 is not expressed in otd;dve double mutants. Rh6 is
derepressed in outer PRs in otd;dve double mutants.
For (I)–(L), binding of Dve and Otd is dependent on K50-binding sites. WT, wild-type promoter; M, mutation of K50 site. Arrows indicate the bands shifted upon Otd
or Dve binding. Note, additional bands are observed when using the Dve protein, likely due to the presence of multiple K50-binding sites and/or multiple ho-
meodomains within Dve yielding higher-order DNA/protein structures (also see Figures S3D–S3F). Each of these Dve/DNA complexes is dependent upon
functional K50-binding sites. (I) rh3 promoter. (J) Dve competes with Otd for binding to the rh3 promoter. (K) rh5 promoter. (L) rh6 promoter.
(M) Dve expression is lost in otd null mutant tissue at 50% pupation. Left view illustrates triple stain; right, Dve and Elav. Elav marks neuronal nuclei.
(N) iFFL. Left side shows a generalized iFFL; right, the Otd/Dve/Rh3 iFFL.
For (O)–(T), the y axis is in arbitrary units and has been normalized to the control (promoter in the absence of Otd, Dve, and Pph13). Error bars indicate standard
deviation. For (O)–(R), in all cases, Otd activates expression. Dve alone has no effect. Dve suppresses Otd-mediated activation. (O) rh3 promoter. (P) rh5
promoter. (Q) rh6 promoter. (R) 6xK50 promoter. (S) rh6 promoter. Pph13 activates expression. Dve alone has no effect. Dve suppresses Pph13-mediated
activation. (T) rh6 promoter withmutated K50 sites. Pph13 activates expression. Dve alone has no effect. When K50 sites are mutated, Dve cannot repress Pph13-
mediated activation.
See Figure S3.
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Figure 4. Sal and Dve Interact in a cFFL to Control Rh3 Expression
(A) Sal is required to repress Dve in inner PRs at 50% pupation.
(B) Sal is sufficient to repress Dve in outer PRs at 50% pupation.
For (C)–(K), expression assessed at 0 weeks. For (C)–(E), dashed line indicates the equator. (C) Rh3 is never expressed in outer PRs in wild-type animals. (D) Rh3 is
expressed in a random subset of outer PRs in dve mutants. Derepression occurs more frequently in the dorsal half. (E) Rh3 is expressed in nearly all outer PRs
when Sal is ectopically induced in dvemutants. (F) cFFL. Left side shows a generalized cFFL; right, the Sal/Dve/Rh3 cFFL. (G) Quantification of the frequency of
Rh3 expression in outer PRs from (C)–(E). Error bars indicate standard deviation. For (H)–(J), representative examples of Rh3 expression states in R7. Thick white
circles indicate R7. (H) Rh3 is never expressed in R7s in salmutants. (I) Rh3 is expressed in a random subset of R7s in sal;dve double mutants. (J) Rh3 is expressed
in all R7s in dve mutants. (K) Quantification of the frequency of Rh3 expression in R7s from (H)–(J). Error bars indicate standard deviation.
For (L)–(N), states of the interlocked FFLmotif. (L) In the absence of Sal, Otd activates Dve, which represses Rh3. (M) In the absence of Sal and Dve, Otd activates
Rh3 in a random subset of cells. (N) In the absence of Dve and presence of Sal and Otd, Sal and Otd induce Rh3 expression in all cells.
See Figure S4.circumvent the disruption of PRs that occurs when Dve is ectop-
ically expressed early (data not shown). We induced hs > flp in 1-
day-old adult flies with a 30 min heat shock. Six weeks after
induction of ectopic Dve expression, we observed an almost
complete loss of Rh5 and Rh6 expression in R8s expressing
Dve (>99%; Figure 2N). These results show that Dve is sufficient
to repress Rh5 and Rh6 in R8 cells.
Because the inner PR-specific Rh3, Rh5, and Rh6 are dere-
pressed in outer PRs, we wondered whether dve mutants ex-
hibited altered PR fates. However, we observed no change in
the expression of the cell-type markers Pros (R7), Ss (yR7),
Sens (R8), Sal (inner PRs), or Otd (all PRs) in dvemutants (Figures
S2G–S2J). Furthermore, we observed no gross changes in rhab-
domeric or axonal morphology of outer or inner PRs (Figure S2L).
These observations suggest that Dve does not control generalfeatures of PR fate but, rather, specifically regulates the expres-
sion of Rh3, Rh5, and Rh6.
In wild-type animals, Rh3, Rh5, and Rh6 are tightly regu-
lated in their respective PR subtypes and are never coex-
pressed in the same cell. In R7, Pros excludes Rh5 and Rh6
from R7, whereas Sens excludes Rh3 from R8 (Cook et al.,
2003; Xie et al., 2007). The Wts/Melt bistable loop controls
exclusion between Rh5 and Rh6 in R8 subtypes (Mikeladze-
Dvali et al., 2005). However, in dve mutants all possible
combinations of Rh3, Rh5, or Rh6 expression were observed
in individual outer PRs (Figure 2H). This suggests that the
mechanisms controlling Rh3, Rh5, and Rh6 in dve mutant
outer PRs are independent for each gene and disconnected
from the R7/R8 determination machinery and the Wts/Melt
bistable loop.Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc. 961
Otd and Dve Act in an iFFL to Regulate Rh Expression
Because Rh3, Rh5, and Rh6 are expressed throughout the eye in
dvemutants, they might be controlled by a general activator. We
tested Otd, which is expressed in all PRs, for this role. In otd
mutants, Rh3 was lost in R7s, whereas Rh5 was lost in R8s; in
contrast, Rh6 was derepressed in outer PRs (Figures 3C and
3G) (Tahayato et al., 2003). Therefore, Otd and Dve regulate
Rh6 in a similar way but regulate Rh3 as well as Rh5 in opposite
ways.
Because Otd and Dve are both K50-type homeodomain tran-
scription factors (Figure S3A), we asked whether they bind the
same cis-regulatory elements on the rh promoters. Previously,
we have shown that Otd binds the rh3, rh5, and rh6 promoters
via canonical K50-binding sites (TAATCC) (Figure S3B) (Tahayato
et al., 2003). In gel shift assays both Dve and Otd bound the rh3,
rh5, and rh6 promoters, and this binding was dependent on the
K50-binding sites (Figures 3I–3L).
Otd is required for dve reporter gene expression in the context
of head capsule development (Carr et al., 2005). Because Otd is
expressed in all PRs, we wondered whether Otd is required for
Dve expression in the eye. Indeed, in otd2 null mutant clones
(Figure 3M) and the eye-specific otduvimutant allele (Figure S3C),
we observed complete loss of Dve expression both in outer PRs
and in yR7s.
From these observations we can formulate specific regulatory
motifs in which Otd and Dve act to control Rh expression. Otd is
required for Dve expression, and Dve is required for repression
of Rh3 and Rh5. However, Otd is also required for the activation
of Rh3 and Rh5. Thus, Otd and Dve interact in an iFFL to regulate
Rh3 and Rh5 (Mangan and Alon, 2003). In this iFFL, an upstream
activator (Otd) upregulates a repressor (Dve), which represses
target genes (Rh3 and Rh5). In parallel the upstream activator
induces the target genes (Figure 3N and Figure 7B). In the Otd/
Dve/Rh iFFL, repression by Dve completely supersedes activa-
tion by Otd yielding an end-repressive outcome.
Consistent with the iFFL, we observed a complete loss of Rh3
and Rh5 expression in otd;dve double mutants (Figures 3D and
3H), supporting a role for Otd as a general activator of Rh3 and
Rh5. The iFFL is also supported by the observation that mutation
of K50-binding sites in rh3 and rh5 reporter transgenes causes
complete loss of expression in the retina (Tahayato et al., 2003).
We next used cell culture assays to confirm the role of the iFFL.
In S2 cells, Otd was sufficient to induce expression from
a reporter driven by either the rh3 or rh5 promoters. Dve alone
had no effect on these promoters. However, coexpression of
Otd and Dve led to a significant decrease in rh reporter expres-
sion, showing that Dve is sufficient to repress Otd-dependent
activation of these rh genes (Figures 3O and 3P).
To further test the iFFL, we examined the effect of Otd and Dve
on an artificial promoter containing six K50-binding sites and the
heterologous tkminimal promoter (‘‘6xK50’’) (Figure S3B). Similar
to the effects on the rh promoters, Dve repressed Otd-mediated
expression, suggesting that the K50-binding sites are sufficient to
mediate regulation by the iFFL (Figure 3R).
Dve could repress expression either by preventing binding of
the Otd activator (i.e., repression by exclusion) or by functionally
repressing transcription (with simultaneous binding of activators
and repressors). In gel shift assays, Dve and Otd could compete962 Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc.for binding to the rh3 promoter (Figure 3J and Figure S3H). Dve
was also sufficient to repress basal expression driven by the tk
promoter (6xK50 construct) in the absence of Otd-mediated
activation (Figure 3R). Thus, Dve likely represses expression by
excluding binding of the obligatory Otd activator and functionally
repressing transcription.
In contrast to the iFFL controlling Rh3 and Rh5, a simple linear
pathway of Otd and Dve controls Rh6 expression. Both Otd and
Dve are required for Rh6 repression, and Otd is required for Dve
expression. Furthermore, otd;dve double mutants displayed
derepression of Rh6 in outer PRs at a similar frequency as dve
and otd single mutants (frequency of outer PRs expressing
Rh6 for otd = 0.86 ± 0.04, dve = 0.81 ± 0.05, and otd, dve =
0.85 ± 0.01) (Figure 3H and Figure 7B).
Interestingly, in S2 cells, Otd was able to activate rh6 expres-
sion, and this activation was susceptible to Dve-mediated
repression (Figure 3Q). Thus, ex vivo, the iFFL motif controlling
Rh3 and Rh5 also regulates Rh6, but in vivo, another factor (likely
acting redundantly with Otd) induces Rh6 (Figures 7A and 7B).
Pph13 is required for Rh6 expression and is expressed in all
PRs (Mishra et al., 2010; Zelhof et al., 2003). Thus, Pph13 is likely
the general activator for Rh6. In S2 cells, Pph13 was sufficient to
induce expression from a reporter driven by the rh6 promoter.
Coexpression of Pph13 and Dve led to a significant decrease
in rh6 reporter expression, showing that Dve is sufficient to
repress Pph13-mediated activation of rh6 (Figure 3S).
Pph13 activates Rh6 independent of K50-binding sites (Mishra
et al., 2010). Therefore, we tested whether K50 sites were
required for Dve-mediated repression. Indeed, Dve was no
longer able to repress Pph13-mediated activation from a rh6
promoter in which the K50 sites were mutated (Figure 3T). This
result shows that K50 sites are required for Dve-mediated re-
pression and supports the notion that Dve can functionally
repress expression (with simultaneous binding of activators
and repressors).
The linear pathway motif controlling Rh6 and the requirement
of K50 sites for repression are also supported by the observation
that mutation of K50 sites in a rh6 reporter transgene causes
derepression in outer PRs (Tahayato et al., 2003).
These results show a critical role for the Otd/Dve/Rh iFFL and
linear pathway motifs in regulating Rh expression. Otd activates
Rh3 and Rh5 expression in all PRs (Figure 7A). To prevent aber-
rant expression, Otd also activates Dve, which is sufficient to
repress Rh3, Rh5, and Rh6. These motifs alone should yield
repression of Rh3, Rh5, and Rh6 in all PRs (Figure 7B). Therefore,
other mechanisms must be utilized to relieve repression by Dve
to allow for Rh expression in inner PRs. Furthermore, Rh3, Rh5,
and Rh6 are only expressed in random subsets of outer PRs in
dve mutants. Thus, outer PRs lack a factor(s) that is present in
inner PRs and is sufficient to induce expression in all cells.
Next, we discuss the mechanisms utilized to relieve repression
and induce Rh expression in inner PRs.
Sal Acts in a cFFL to Repress Dve and Activate Rh3
Expression
Otd is expressed in all PRs and activates Dve. However, Dve is
expressed in outer PRs and yR7s, but not in the other inner
PRs (i.e., pR7s and R8s). Sal, a key determinant of inner PR
fate, is expressed in a nearly complementary expression pattern,
i.e., Sal is expressed in inner PRs and excluded from outer PRs in
adult retinas. In sal mutants, inner PRs lose Rh3, Rh4, Rh5, and
Rh6 and gain the outer PR-specific Rh1 (Figures S4A–S4C)
(Mollereau et al., 2001). Because Dve represses Rh expression,
the loss of Rh3, Rh5, and Rh6 in sal mutants might be due to
derepression of Dve in inner PRs. Thus, we asked whether Sal
represses Dve expression in inner PRs. In sal null mutants, Dve
was strongly derepressed in all R7s and R8s, resulting in Dve
expression at equal levels in all PRs (Figure 4A). Furthermore,
ectopic expression of Sal in all PRs resulted in repression of
Dve in outer PRs (Figure 4B). Thus, Sal represses Dve in inner
PRs, allowing Rh3, Rh5, and Rh6 to be expressed in these cells.
In dve mutants, Rh3 is expressed in random subsets of outer
PRs, whereas it is expressed in all R7 PRs. Thus, R7s must
contain an additional factor that induces Rh3 expression in all
cells. Because Sal is expressed in inner PRs but not outer PRs,
we tested whether it played this role by providing Sal to outer
PRs in dve mutants. To obviate possible cell-fate transforma-
tions upon early Sal expression, we utilized the panR7 > Gal4
driver to induce late Sal expression in outer PRs at the time of
Rh expression. This driver contains a hybrid rh3/rh4 promoter
that drives expression in all R7s in wild-type animals but induces
expression in all outer PRs in dve mutants (data not shown). In
dve mutant eyes expressing Sal in all outer PRs (dve; outers >
sal), we observed expression of Rh3 in nearly all outer PRs
(Figures 4C–4G). Thus, Sal is sufficient to induce Rh3 expression
in all outer PRs in the absence of the Dve repressor.
We next wonderedwhether Sal was required to activate Rh3 in
R7s. In dve mutants, Rh3 was expressed in all R7s. In sal, dve
double-mutant clones, Rh3 was only expressed in a subset of
R7s, demonstrating that Sal is required to induce Rh3 expression
in all R7s in dve mutants (Figures 4H–4K).
Therefore, expression of Rh3 in R7s requires both activation by
Sal (andOtd) andexclusion of the repressorDve.BecauseSal not
only repressesDve but also activates Rh3, Sal andDve interact in
a cFFL to control Rh3. In this cFFL, an upstream regulator (Sal)
prevents expression of a repressor (Dve) that can repress a target
gene (Rh3). In parallel, the regulator (Sal) induces expression of
the target gene (Rh3) (Figure 4F) (Mangan and Alon, 2003).
This cFFL counters the repressive Otd/Dve/Rh3 iFFL to induce
Rh3 expression in all inner PRs (Figures 4L–4N). TheOtd/Dve/Rh3
iFFL and the Sal/Dve/Rh3 cFFL are interlocked FFLs with the Dve
repressor as a shared component. We have shown four states for
this interlocked FFL motif in two different cellular contexts (i.e.,
R7s and outer PRs): (1) in the absence of Otd (in otd mutant R7s
and otd; dve mutant outer PRs), Rh3 is lost showing that Otd is
an obligate activator (Figures 3C and 3D); (2) in the absence of
Sal (in sal mutant R7s and wild-type outer PRs), Otd activates
Dve, which represses Rh3 (Figures 4C, 4H, and 4L); (3) in the
absence of Sal and Dve (in sal, dve mutant R7s and dve mutant
outer PRs), Otd activates Rh3 in a random subset of cells (Figures
4D, 4I, and 4M); and (4) in the absence of Dve and presence of Sal
and Otd (in dvemutant R7s and dvemutant with ectopic expres-
sion of Sal in outer PRs), Sal and Otd induce Rh3 expression in all
cells (Figures 4E, 4J, and 4N).
In wild-type outer PRs, the interlocked FFL motif is in state 2,
yielding repression of Rh3 (Figures 4L and 7D). In R7s the inter-locked FFLmotif is in state 4, yielding activation of Rh3 (Figure 4N
and Figure 7C). This motif predicts Rh3 activation by Sal and Otd
in all inner PRs. Rh3 expression is limited to pR7s by repression
by Sens in R8s (Xie et al., 2007) and by Dve in yR7s (described
below) (Figures 7E–7H).Rh5 Is Activated in Inner PRs
We next asked whether Sal was similarly able to control Rh5 and
Rh6 expression. In dve mutant eyes expressing sal in all PRs
(dve; outers > sal), we observed a random pattern of Rh5 and
Rh6 expression in outer PRs (data not shown). This observation
suggests that, in contrast to Rh3, Sal is not sufficient to activate
Rh5 and Rh6 expression in all cells.
Thus, we examined the regulatory logic controlling specific Rh5
expression in pR8s. The Pros transcription factor represses Rh5
expression in R7s (Figures S4D–S4H) (Cook et al., 2003). We re-
examinedRh5 inprosmutantsandobservedderepressionspecif-
ically in pR7s (i.e., Rh5 was not expressed in Rh4-expressing
yR7s) (Figure S4E). Because Dve is expressed in yR7s, we tested
whether it acts there to repress Rh5 in prosmutants. In dve; pros
double-mutant retinas, Rh5 was derepressed into all R7 cells,
including Rh4-expressing yR7s (Figures S4G and S4H). These
data suggest that Rh5 is activated in all inner PRs (Figure 7C).
Thus, the logic controlling Rh5 is similar to that controlling Rh3,
i.e., broad activation coupled with repression in specific cells to
yield precise expression. Although activated by an inner PR-spe-
cific factor and Otd, Rh5 expression is limited to pR8s by repres-
sion in R7s by Pros (and Dve) and in yR8s by the Wts pathway
(Figures 7E, 7F, 7I, and 7J) (Cook et al., 2003; Mikeladze-Dvali
et al., 2005).Rh6 Is Activated in R8s
We next assessed the logic controlling Rh6 expression in yR8s.
In pros mutants, Rh6 was randomly expressed in p or yR7s
(Figures S4D and S4F). This phenotype suggests that Rh6 is
not susceptible to repression by the low levels of Dve in yR7.
Furthermore, the random expression of Rh6 in pros mutants
suggests that Rh6 is not activated in all inner PRs like Rh3 and
Rh5.We have shown previously that Sens is necessary and suffi-
cient to induce consistent Rh6 expression in R8s (Xie et al.,
2007). Taken together, we conclude that Rh6 expression
requires activation in all R8s by Sens. Rh6 expression is
excluded from pR8s by a repressor that is active in the absence
of Wts pathway activity (D. Jukam and C.D., unpublished data).
Rh6 expression is excluded from R7s by Pros and from outer
PRs by high levels of Dve. These mechanisms yield Rh6 expres-
sion in yR8s (Figures 7D–7F, 7I, and 7J).Ss Induces Dve to Repress Rh3 in yR7s
Sal acts in inner PRs to repress Dve and activate Rh3. Rh3 is
limited to pR7s via repression by Sens in R8s (Xie et al., 2007)
and by low levels of Dve in yR7. We next addressed how Dve
expression is specifically induced in yR7s.We have shown previ-
ously that specification of yR7 fate is dependent on the activity of
the ss gene. ss is expressed at midpupation in 65% of R7s,
correlating with the frequency of yR7 fate in adults (Wernet
et al., 2006) (Figure 5A; Figure S5B).Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc. 963
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Figure 5. Ss Activates Dve to Repress Rh3 in yR7s
For (A)–(E), white circles indicate R7s expressing Dve; gray
circles indicate R7s lacking Dve. (A) Dve and Ss are ex-
pressed in yR7s at 50% pupation. (B) Dve is expressed in
yR7s at 50% pupation. (C) Dve expression is lost in R7s in
ss null mutants at 50% pupation. (D) Driving Ss expression
in all R7s induces Dve expression at 83%pupation. (E) Dve
expression is lost in R7 cells mutant for ss. GFP (green)
indicates ss mutant cells.
(F) Rh3 is expressed in all R7s in ss mutants.
(G) Dve is sufficient to repress Rh3 in ss mutants.
See Figure S5.Dve is expressed in yR7sat low levels and repressed in all other
inner PRs due to Sal activity. We posited that Dve might be
reactivated by Ss in yR7s and act as a downstream effector to
repress Rh3. Indeed, Dve and Ss were always found in the
same subset of R7s (Figure 5A; Figure S5B). In ss null mutant
retinas, Dve expressionwas lost in all R7s butmaintained in outer
PRs (Figures 5B and 5C; Figure S5B). Ss is required autono-
mously in R7 cells because dve expression was lost in ssmutant
clones, but not in neighboring wild-type tissue (Figure 5E).
Furthermore, ectopic expression of Ss was sufficient to induce
Dve expression in R7s (Figure 5D; Figure S5B). Together, these
results show that Ss activates expression of Dve in yR7s.
To address whether Dve requires Ss function to repress Rh3
expression, we expressed Dve in all R7s in ss mutants
(panR7 > dve; ss). The repressive function of Dve does not
require Ss function because expression of Dve was sufficient
to repress Rh3 in ss null mutants leading to R7s without Rh3 or
Rh4 (Figures 5F and 5G; Figure S5A). Together, these data
show that the subtype determinant Ss activates Dve to repress
Rh3 in yR7s (Figures 7G and 7H).
Dve Expression Levels Are Finely Tuned to Allow for Rh3
Expression in yR7s in the Dorsal Third
In the dorsal third, IroC induces Rh3 in Rh4-expressing yR7s
(Figures 6A, 6B, and 6D) (Mazzoni et al., 2008). This situation
resembles the dve loss-of-function phenotype in R7s (Figure 2B
and Figure 6D), suggesting that IroC genes repress Dve expres-
sion in yR7 in the dorsal third of the eye. However, IroC > lacZ-
labeled yR7 cells in the dorsal third still displayedDve expression
in a subset of R7s (Figure 6C). Therefore, rather than regulating
Dve expression, IroC must act downstream of, or in parallel to,
Dve to either activate Rh3 expression or to repress Dve function
(Figure 7K).
Dve is expressed in yR7 at levels that are significantly lower
than in outer PRs (Figures 1L and 1M and Figures 5A and 5B).
Although these levels are sufficient to repress Rh3 in yR7s in964 Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc.the main part of the retina, they might allow
Rh3 to be susceptible to upregulation by IroC
in the dorsal third. If this were the case,
increasing expression levels of Dve in R7s
should prevent Rh3 coexpression with Rh4 in
dorsal third yR7s. Indeed, ectopic expression
of Dve at high levels (panR7 > Dve) caused
repression of Rh3 in yR7s in the dorsal third(Figures 6D and 6E; Figure S5C). This suggests that higher
levels of Dve are able to overcome the function of IroC. Therefore,
maintaining low-level expression of Dve in yR7s is critical to allow
IroC-mediated activation of Rh3 in dorsal third yR7s.
Because Dve at high levels is able to repress IroC-mediated
activation of Rh3 in yR7 cells, it could play a similar role in outer
PRs. IroC is expressed throughout the entire dorsal eye field
before PR specification. Later, during pupal stages, IroC expres-
sion becomes more restricted to the dorsal third in all PRs.
At eclosion this expression ceases in all PRs except in dorsal
third R7s. In dve mutants, random expression of Rh3 in outer
PRs occurs predominantly in the dorsal part of the retina (Figures
S2E and S2F), andwe hypothesized that this is due to the activity
of IroC. To test this, we generated IroC null mutant clones in dve
whole mutant eyes. We observed a strong decrease in the
frequency of dorsal Rh3 expression in IroC null mutant tissue
such that both ventral and dorsal regions of the eye now ex-
pressed Rh3 at low frequency (Figure 6F). This effect was
specific to Rh3 because Rh5 was unaffected under the same
conditions (data not shown).
Because IroC is expressed in all outer PRs early in develop-
ment but ceases by the time of Rh expression, IroCmay not acti-
vate Rh3 directly. IroC may induce chromatin modifications at
the Rh3 locus or the expression of another transcription factor
that persists to activate Rh3 expression later.
At least two mechanisms contribute to the random activation
of Rh3 in outer PRs in dvemutants: (1) Otd activates expression
at low frequency throughout the retina, and (2) IroC increases the
frequency of expression in the dorsal part. For both cases, Dve at
high levels ensures that Rh3 is not expressed in outer PRs in
wild-type animals.
DISCUSSION
Our studies have revealed that the Dve transcription factor acts
as a broad Rh regulator repressing Rh3, Rh5, and Rh6. In dve
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Figure 6. Dve Levels Are Finely Tuned to Control
IroC-Mediated Activation of Rh3 Expression
(A) Schematic of the distribution of R7s (circles) express-
ing Rh3, Rh4, or Rh3/Rh4 in the retina. In the dorsal third
(above the yellow dashed line), Rh3 is expressed in pR7s,
whereas Rh4 and Rh3 are expressed in yR7s. In the main
part of the retina (below the yellow dashed line), Rh3 and
Rh4 are expressed in exclusive subsets of R7s. D, dorsal;
V, ventral; A, anterior; P, posterior.
(B) Schematics of pale and yellow ommatidia in the dorsal
third. pR7s express Rh3, whereas yR7s express Rh4 and
Rh3 (induced by IroC).
(C) Dve is expressed in a subset of R7 cells in the dorsal
third that expresses IroC > lacZ at 50% pupation. White
circles indicate R7s expressing Dve; gray circles indicate
R7s lacking Dve. Left panel shows IroC > LacZ and Dve;
right, Dve alone.
(D) Wild-type expression of Rh3 in dorsal yR7s expressing
Rh4.
(E) High levels of Dve are sufficient to repress Rh3 in yR7s
in the dorsal third.
(F) IroC mutant clones display a strong but incomplete
decrease in the frequency of rh3 expression in a dve
mutant background. GFP in green marks wild-type tissue;
non-GFP indicates IroC mutant tissue. Left panel illus-
trates Rh3 and GFP; right, Rh3 alone.mutants, Rh3 is derepressed in all R7s, whereas Rh3, Rh5, and
Rh6 are derepressed in random subsets of outer PRs. These
differences in phenotypic expressivity result from the distinct
combinations of regulators that occur in specific cellular
contexts. In outer PRs the general activator Otd induces expres-
sion of Rh3 and Rh5 (and possibly Rh6) in random subsets of
cells in dvemutants. In R7s, Sal acts with Otd to induce expres-
sion of Rh3 in all cells in dve mutants. Interestingly, Otd and Sal
not only regulate Rhs but also Dve. Together, these genes
interact in interlocked FFLs that are required for wild-type gene
expression. Next, we discuss the regulatory motifs controlling
Rh expression, particularly Rh3.
Interlocked FFLs Control Rh Expression
Although Otd activates the expression of Rh3, it also induces
expression of a negative regulator Dve, forming an iFFL motif
(Figure 7B). iFFLmotifs are observed in many biological contexts
and have been implicated in temporal pulse responses,
response acceleration, dose-dependent biphasic responses,
and fold-change detection (Alon, 2007; Goentoro et al., 2009;
Kaplan et al., 2008; Kim et al., 2008; Mangan and Alon, 2003).
Because iFFLs respond to fold-change differences in inputs,
the repressor (Dve) may also act to normalize noise in levels of
the input (Otd) (Goentoro et al., 2009). In other words, variation
in Otd input levels would induce comparable changes in DveCell 145repressor levels, preventing aberrant activation
of Rh3. Thus, in dve mutants, variation in Otd
input levels would go unchecked, yielding
random expression of Rh3 output.
When the Otd/Dve/Rh3 iFFL is integrated with
the Sal/Dve/Rh3 cFFL, a combinatorial binary
switch for gene regulation is established. TheOtd/Dve/Rh3 iFFL provides repression throughout the eye due
to the activity of Dve. Specific expression of Sal in inner PRs
triggers the Sal/Dve/Rh3 cFFL, leading to repression of Dve
and activation of Rh3 (i.e., with Sal acting together with Otd).
Thus, Dve serves as a common node that integrates the two
loops, forming a motif of interlocked FFLs that ensures Rh3
expression in the presence of Otd and Sal and in the absence
of Dve (Figure 4N and Figure 7C). In the absence of Sal as in outer
PRs, this motif induces high Dve levels to repress aberrant Rh
expression, even in the presence of activators such as Otd and
IroC (Figure 4L and Figure 7D).
Although thenetwork logic isslightlydifferent,cell -type-specific
expression of Rh5 and Rh6 requires both inhibition of Dve-medi-
ated repression and combinatorial activation provided by broad
and specific activators similar to Rh3 regulation (Figure 7).
Dve Levels Are Finely Tuned to Control Rh3 Expression
In the outer PRs, Dve at high levels acts as a buffer against aber-
rant expression activated by Otd in the ventral part or Otd with
IroC in the dorsal part. In contrast, Dve levels appear to be finely
tuned in yR7s to allow for wild-type Rh3 expression. In yR7s, Dve
at low levels is sufficient to repress Rh3 despite the presence of
the activators Sal and Otd. However, in the dorsal third of the
eye, IroC together with Sal and Otd override Dve at low levels
to induce Rh3 expression. Increasing Dve levels in R7s is, 956–968, June 10, 2011 ª2011 Elsevier Inc. 965
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Figure 7. Logic of Rh Regulation
Blue indicates regulatory interaction added in each level of specification. Below, we outline the specific regulatory logic for each Rh.
Rh3: (A) Otd activates random Rh3 expression. (B) Otd also activates Dve, which represses Rh3 in all PRs. (C) Sal represses Dve and acts together with Otd to
induce Rh3 expression in all inner PRs. (F) Sens represses Rh3 in R8s, limiting expression to R7s (E). (H) Dve represses Rh3 in yR7s, restricting Rh3 expression to
pR7s (G). (K) IroC in the dorsal third of the eye acts with Otd and Sal to induce Rh3 expression in yR7s despite the presence of low levels of Dve.
Rh5: Similar to Rh3, (A) Otd activates random Rh5 expression. (B) Otd also activates Dve, which represses Rh5 in all PRs. (C) Sal represses Dve in inner PRs,
allowing for derepression of Rh5. (C) An unknown inner PR-specific factor, together with Otd, activates Rh5 in all inner PRs. (E) Pros represses Rh5 in R7s, limiting
expression to R8s (F). (J) The Wts pathway represses Rh5 in yR8s, leading to exclusive expression in pR8s (I).
Rh6: Unlike Rh3 and Rh5, (A) random Rh6 expression is not activated by Otd but, rather, requires Pph13 (likely redundantly with Otd; indicated with a dotted line).
(B) Otd activates Dve, which represses Rh6 in all PRs. (C) Sal represses Dve in inner PRs, allowing for derepression of Rh6. (E) Pros represses Rh6 in R7s. (F) Sens
activates expression of Rh6 in all R8s. (I) Inactivation of the Wts pathway excludes Rh6 from pR8s, limiting Rh6 to yR8s (J).
See Table S1.sufficient to repress Rh3 in the dorsal third containing IroC, Sal,
and Otd. Thus, Dve levels are finely tuned to repress Rh3 in yR7s
throughout the majority of the retina yet allow for expression in
yR7s in the dorsal third region.
IroCacts to induceRh3expression inallyR7sof thedorsal third.
However, in dvemutant outer PRs, IroC does not induce expres-
sion in all cells but, rather, only increases the frequency of random966 Cell 145, 956–968, June 10, 2011 ª2011 Elsevier Inc.Rh3 expression. It appears that Sal in R7s is critical to control this
difference in effect. IroC with Sal and Otd induce Rh3 expression
despite low levels of Dve in all dorsal third yR7s. However, in dve
mutant outer PRs, IroC and Otd without Sal yield random expres-
sion. Thus,wehaveelucidated several combinations of regulatory
factors that yield Rh expression in all cells, random subsets, or no
cells in particular cellular contexts (Table S1).
High levels of Dve are used in outer PRs to ensure repression of
Rh expression. It appears that this role is likely conserved in other
insect species because Dve is expressed in outer PRs in two
mosquito species tested. Interestingly, these mosquito species
display regionalized expression of Rhs in inner PRs in contrast
to the stochastic expression pattern observed throughout the
fly retina (Hu et al., 2009). This suggests that mosquitoes may
use a different mechanism to determine inner PR Rh expression
compared to flies but likely use the samemechanism (i.e., Dve) to
prevent inner PR-specific Rh expression in outer PRs.
Global Activation Allows for Evolution of Novel
Expression Patterns
The fly eye contains 13 known types of PRs based on Rh expres-
sion, morphology, and positioning including 6 types of outer PRs
(R1–6), 4 types of R7s (pR7, yR7, dorsal yR7, DRA R7), and 3
types of R8s (pR8, yR8, DRA R8). Interestingly, these cell types
are all competent to express Rh3, Rh5, and Rh6, suggesting
the presence of an activator that is expressed in all PRs. This
activator is Otd for Rh3 and Rh5.
Why would Rh expression be activated throughout the eye?
One possibility is that global activation allows for rapid changes
in Rh expression through evolution. Evidence for rapid changes
inRhexpressionpatterns is observed in flies,mosquitoes, butter-
flies, and bees. Each genus or family has a characteristic number
and arrangement of PRs. However, individual species have
diversified their Rh expression patterns, likely adapting specific
visual capacity to their particular environments (Briscoe, 2008;
Hornstein et al., 2000; Hu et al., 2009; Wakakuwa et al., 2005).
A general repressor such as Dve may facilitate the generation
of cryptic regulatory interactions. In flies, repression is utilized to
exclude Rh expression from specific cell types (e.g., Dve in outer
PRs). Underlying this repression, new cryptic genetic interac-
tions can arise that are only revealed when the repressor itself
is absent. Thus, evolution could occur via a two-step mecha-
nism: (1) novel cryptic genetic interactions arise that are masked
by repression; and (2) the repressor is removed in specific PRs,
allowing for new Rh expression patterns. In this model, dve
mutants reveal cryptic regulatory interactions that could yield
new expression patterns if Dve-mediated repression was
alleviated.
Alternatively, Dve-mediated repression of Rh3, Rh5, and Rh6
may have enabled the breakdown of regulatory interactions in
outer PRs. Other insects use multiple combinations of spectrally
restricted Rhs (orthologs of Rh3, Rh5, and Rh6) to achieve broad
spectrum light detection in their equivalent of outer PRs (Briscoe,
2008). This broad expression supports the notion that Rh3, Rh5,
and Rh6 are activated throughout the retina. Thus, the general
repression of these Rhs in outer PRs by Dve in flies may be
a recent change. Upon this change, specific mechanisms acti-
vating Rhs in outer PRs would be rendered ineffective due to
repression by Dve. We have shown here that Dve at high levels
can repress Rh expression despite the presence of several
activators (i.e., Otd, Sal, IroC). Thus, mechanisms that previously
induced Rh expression could break down under the mask of
Dve-mediated repression. In this model, random expression in
dve mutants is the result of the remnants of previous regulatory
interactions.The increasing catalog of Rh expression patterns in insect
species combined with a comprehensive study of the known
regulatory factors should discern between these models.
EXPERIMENTAL PROCEDURES
Drosophila Strains and Genotypes
Flies were raised on standard corn meal-molasses-agar medium and grown at
25C. For simplicity, genotypes are simplified throughout the text and figures.
See Table S2 for complete genotypes.
Antibody Staining
Retinas were dissected, fixed, washed, incubated with primary and then
secondary antibodies, and mounted for visualization. For detailed protocol
and complete list of antibodies used, see Extended Experimental Procedures.
Quantification of Expression
Using cell-specific markers, antibody staining frequency was assessed
(n, number of retinas scored; N, total number of cells quantified). For dve
mutant outer PRs, Rh expression was scored for 3 retinas with a minimum
of 75 ommatidia (450 total outer PR cells) per retina. Scoring was conducted
using custom software or manually. The scoring and statistics methods are
described in the Extended Experimental Procedures.
Behavioral Analysis of Outer PR Function
Individual flies walked on a Styrofoam ball floating in an airstream. Rotations of
the ball served as a measure of the optomotor response. The visual stimulus
consisted of a moving grating of vertical blue and green stripes. The intensity
of the blue stripes was kept constant, whereas the intensity of the green stripes
varied. This setup allows detection of strong defects in motion detection or
a shift in the point of isoluminance between two colors. For more details,
see Extended Experimental Procedures.
Electroretinograms
Electroretinograms were conducted as in Hotta and Benzer (1969).
Luciferase Assays
The rh promoter-based luciferase reporter assays were described previously
(Xie et al., 2007). Additional constructs and methodology are described in
the Extended Experimental Procedures.
Electrophoretic Mobility Shift Assays
Binding assays were performed as previously described (Li-Kroeger et al.,
2008). Protocol, proteins, and probes are described in the Extended Experi-
mental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
five figures, and two tables and can be found with this article online at
doi:10.1016/j.cell.2011.05.003.
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